INTRODUCTION
The reticulocyte represents an advanced stage in the differentiation of the red cell, containing only residual organelles, mainly mitochondria. The maturation of the reticulocyte to the erythrocyte involves the highly selective proteolytic loss of mitochondria and a number of soluble enzymes. A 15-lipoxygenase (EC 1.13.11.12), synthesized from pre-existing mRNA during reticulocyte maturation, appears to mediate the elimination of reticulocyte mitochondria [1] . Reticulocyte lipoxygenase oxygenation of fatty acid substrates, mainly linoleic acid [2] , in the mitochondrial membrane precedes degradation of mitochondrial constituents, including proteins. Disruption of the membrane structure of mitochondria may reveal cryptic signals in mitochondrial proteins for cytosolic or mitochondrial proteases. Products of the lipoxygenase reaction or free radicals may modify mitochondrial proteins, identifying them for proteolysis.
The reticulocyte 1 5-lipoxygenase appears to be unique among lipoxygenases in its ability to oxygenate fatty acids esterified to membrane phospholipids without prior phospholipase-mediated release of non-esterified fatty acids [3] . This implies some form of association of the reticulocyte enzyme with cell membranes. Reticulocyte 15-lipoxygenase preparations will act on rat liver mitochondria, resulting in the formation of known products of lipoxygenase action [4] , and products of lipoxygenase activity have been found in the mitochondrial membranes of intact reticulocytes [5] . Interestingly, before attack on arachidonic acid, leucocyte 5-lipoxygenase translocates to membranes [6] , which is dependent on the presence of an activating or docking protein (5-Lipoxygenase Activating Protein, FLAP) and Ca2+ [7, 8] . Ca21 has also been found to stimulate the activity of 15-lipoxygenase of keratinocytes [9] and polymorphonuclear neutrophils [10] against exogenous substrate. These observations led us to investigate whether reticulocyte 15-lipoxygenase associates with mitochondria during reticulocyte maturation and whether translocation and 15-lipoxygenase enzyme activity were effected by Ca2 . In this paper we identify a Ca2+-dependent association of reticulocyte 15-lipoxygenase with, and attack on, isolated mitochondria, which could be physiologically relevant to the enzyme's proposed role in mitochondrial breakdown. and 1 5-lipoxygenase-mediated lipid peroxidation of mitochondrial lipids and free linoleic acid. Association of reticulocyte 1 5-lipoxygenase with isolated mitochondria is not simply a consequence of Ca2+-induced swelling, but implies that Ca2+ mediates translocation of soluble lipoxygenase to mitochondrial membranes. Therefore, Ca2+ may have an important physiological role in the regulation of 1 5-lipoxygenase-mediated targeting of reticulocyte mitochondria for degradation.
EXPERIMENTAL Materials
pre-formed by centrifugation of 35 ml of 70% (v/v) Percoll (prepared by diluting a stock Percoll solution consisting of 1 vol. of 10 x histidine-buffered saline and 9 vol. of Percoll with histidine-buffered saline to 700% (v/v) and adjusting the osmolarity to approx. 300 mosM) at 25000 g for 15 min in an M.S.E. 8 x 50 ml rotor of an M.S.E. Prepsin 75 centrifuge at 4°C with the brake off. Loaded pre-formed gradients were centrifuged at 800 g for 15 min at 4°C in a swing-out rotor of a bench-top centrifuge; 2 ml fractions were then unloaded from the top of the gradient by upward displacement with Nyegaard Maxidens. Cells were collected by centrifugation and washed in 3 x 10 vol. of PBS (137 mM NaCl, 2.7 mM KCI, 8.1 mM Na2HPO4, 1.4 mM KH2PO4). Cells smears were stained with Brilliant Cresyl Blue to reveal reticulum and estimate reticulocyte numbers. Cells were analysed with a Sysmex 2000 cell counter to provide estimates of cell number, volume and haemoglobin concentration. A stromal fraction of red blood cells lysed by freezethawing in PBS containing 1 mM EDTA was collected by centrifugation for 10000 g for 40 min at 4 'C.
Preparation of rat liver mitochondria Rats were killed by cervical dislocation, and the liver was perfused in situ with ice-cold 10 % (w/v) sucrose solution. After removal, the liver was chopped finely and homogenized with 8 strokes in a loose-fitting Potter-Elvehjem homogenizer. Nuclei and intact cells were removed by centrifugation at 1000 g for 10 min, and the post-nuclear supernatant was centrifuged at 7000 g for 7 min. The resulting mitochondrial pellet was resuspended in 6 ml of 250 mM sucrose/20 mM Tris/HCl (pH 7)/ 4 mM EGTA/3 % (w/v) BSA containing 1.4 ml of Percoll, and centrifuged at 10000 g for 10 min. The resulting fluffy layer above the mitochondrial pellet was carefully removed and the pellet washed twice in 10 % sucrose. All centrifugation steps were carried out at 4 'C. Mitochondrial preparations were enriched for cytochrome oxidase (EC 1.9.3.1) and succinate dehydrogenase (EC 1.3.99.1) and depleted of the lysosomal marker enzyme acid phosphatase (EC 3.1.3.2) (specific activities relative to the homogenate 6-7, 4-5 and 0.9 respectively). For some experiments, mitochondria were further purified by digitonin treatment to remove lysosomes [11] . After incubation of 0.25 ml of mitochondrial pellet at 4 'C with 1 ml of digitonin (0.3 mg/ml) in 10 % sucrose/2 mM Hepes (pH 7.4)/I mM EDTA for 5 min, the fluffy layer of lysosomes was removed from the mitochondria above them after centrifugation for 4.5 min at 19000 g and mitochondria were washed twice more in sucrose.
Mitochondrial association of llpoxygenase
Binding of reticulocyte 15-lipoxygenase to mitochondria was assessed by incubating reticulocyte cytosol with freshly prepared rat liver mitochondria. Lipoxygenase-rich cytosol was prepared by hypotonic lysis of reticulocyte-rich, white-cell-depleted, red blood cells with water and centrifugation at 100000 g for 1 h at 4 'C to remove membranes. 10 min, and 50 ,ul of 1 % (w/v) 2-thiobarbituric acid in 3.5 % HClO14/ mM Fe2(S04)3 was added to 100 #1 of the supernatant. The mixture was boiled for 15 min and the A532 measured in a microplate reader. A standard curve was produced with pure mitochondria were collected by centrifugation at 10000 g for malondialdehyde.
Other enzyme assays Succinate dehydrogenase, cytochrome oxidase, acid phosphatase and uroporphobilinogen I (EC 4.3.1.8) were determined as described previously [12, 13] .
RESULTS
Density-gradient fractionation of red blood cells Some 90 % of all white cells were removed by a single passage of blood through a column of cotton-wool, as observed after May-Grunwald Giemsa staining. Percoll buoyant-densitygradient fractionation of the subsequent reticulocyte-rich red-cell population (35 % reticulocytes; mean cell volume 108 fl) yielded fractions containing red cells with densities ranging from 1.059 to 1.123 g/ml, and with reticulocytes, identified by Brilliant Cresyl Blue staining, appearing in the less dense fractions at the top of the gradient (Figure la ). Red-cell density increases during maturation as a result of continued haemoglobin synthesis and cell shrinkage [14] ; therefore Percoll-gradient fractionation produced fractions containing cells of increasing maturity down the gradient. Similarly, the change in mean cell volume through the gradient closely followed that of the reticulocyte count ( Figure  1 a). The first three or four fractions showed little change in mean cell volume or reticulocyte count. However, the density of the reticulum in the red cells, shown by staining with Brilliant Cresyl Blue, did noticeably decrease, indicating that the degradation of ribosomal material is nevertheless occurring, although cell shrinkage is not (results not shown). Reticulum is lost and cell volume decreases markedly in cells recovered from the middle fractions of the gradient, until a cell the size of an erythrocyte was formed which contained little or no ribosomes in fractions 9-12. Cytochrome c oxidase activity, a mitochondrial enzyme, exhibited a dramatic fall in activity in cells recovered between fractions 3 and 4 ( Figure Ib) , suggesting rapid loss of mitochondria in these cells. Interestingly, the number of cells containing reticulum did not show such a dramatic decline, suggesting that degradation ofmitochondria may be more sudden than degradation of the protein-synthesizing machinery. The disappearance of succinate dehydrogenase protein, detected by immunoblotting, was most significant for cells from between fractions 3 and 5 of the gradient (results not shown), further suggesting a pivotal event in mitochondrial destruction in cells recovered from this region of the gradient. The activity of the cytosolic enzyme uroporphobilinogen I synthase, an enzyme which declines in activity during maturation, declined through the gradient in a similar fashion to cytochrome oxidase ( Figure  lb) . In contrast, the 15-lipoxygenase activity of red blood cells increased dramatically from a low level in cells from fraction 1 to a maximum in cells from fractions 4 and 5, and thereafter declined. The profile of appearance of lipoxygenase activity is compatible with 1 5-lipoxygenase-mediated loss of mitochondria, as judged by the decline of the cytochrome oxidase activity (Figure lb) . Overall, analysis of cells recovered from Percoll density gradients indicates that separation of red cells of different maturity has been achieved.
Association of 15-lipoxygenase with reticulocyte membranes
Immunoblot analysis of the 40000 g-min supernatant and pellet (stroma) fractions of cells recovered from Percoll density gradients indicated an increase in the amount of 15-lipoxygenase detectable in the 40 000 g-min supernatant of cells from gradient fraction 3 compared with fraction 1 (Figure 2a) . However, even the youngest cells that we have recovered from Percoll gradients Figure Ic) . was detectable, indicating contamination of mitochondria with lysosomes which could be associating with reticulocyte 15-lipoxygenase. Treatment of rat liver mitochondrial preparations with digitonin substantially decreased the acid phosphatase activity (approx. 50%), but did not decrease the amount of 15-lipoxygenase bound in the presence of Ca2+ (results not shown). Indeed there appears to be a small increase (approx. 15 %) in bound lipoxygenase as the mitochondrial content of the preparation increased (relative specific activity of cytochrome oxidase with respect to the starting homogenate increased from 9.0 to 10.1), suggesting that most of the 15-lipoxygenase is binding to mitochondrial rather than lysosomal membranes.
Association of reticulocyte 15-lipoxygenase with reticulocyte mitochondria was tested in vitro by incubating reticulocyte-rich cytosol (prepared from a mixed population of reticulocytes) with mitochondrial-rich stroma prepared from the least dense reticulocytes recovered from a Percoll density gradient (Fraction 1). Reticulocytes were stored at -20°C before thawing and preparation of the stroma fraction. Lipoxygenase was undetectable in the stroma fraction (Figure 4 , lane e) of these young reticulocytes. After incubation with mixed-reticulocyte cytosol and Ca2 , substantial amounts of lipoxygenase sedimented with the mitochondrial-rich stroma (Figure 4, lane c) . Sedimentable lipoxygenase was greatly decreased, although still detectable, in the presence of EGTA and in the absence of Ca2+ (Figure 4 , lane d). Little lipoxygenase was sedimentable from mixed-reticulocyte cytosol in the presence or absence of Ca2+ but in the absence of stroma (Figure 4, lanes a and b) . These results indicate that Ca2+ promotes association of lipoxygenase with reticulocyte mitochondria as well as rat liver mitochondria in vitro, although Ca2+ does not appear to be essential.
Ca2+ stimulation of lipid peroxidation by 15-lipoxygenase A Ca2+ requirement of reticulocyte 15-lipoxygenase activity was assessed in a spectrophotometric assay with linoleic acid, dissolved in a small volume of ethanol and diluted in assay buffer, as the substrate. Addition of 5 mM EGTA decreased reticulocyte 15-lipoxygenase activity of semi-purified preparations to 16 % of the maximal rate in the presence of Ca2 . Ca2+-stimulated lipoxygenase activity with a half-maximal rate at about 0.4 mM Ca2+ with 100 % activity requiring approx. 2 mM Ca2+ ( Figure  5) . These values are similar to those published previously for 15-lipoxygenase of keratinocytes and polymorphonuclear neutrophils [9, 10] . However, stimulation of reticulocyte 1 5-lipoxygenase was seen at concentrations of Ca2+ as low as 50 uM (Figure 5) . (Figure 3 ) and a freeze-thawed mitochondrial-rich stromal fraction prepared from young reticulocytes (Figure 4) [19] , and is presumably present and active in the reticulocyte cytosol preparations used in our experiments, which are prepared from a mixed population of reticulocytes, most of which will probably contain the susceptibility factor. Incubation of isolated mitochondria at 37°C by itself may lead to sufficient damage to permit 15-lipoxygenase association in the presence of Ca2+.
young reticulocytes with no membrane-associated lipoxygenase will bind lipoxygenase in vitro (Figure 4 ). This may be a consequence of the extensive membrane damage resulting from freeze-thawing, which may explain the binding of lipoxygenase seen in the absence of Ca2", although Ca2+ still promotes a much greater association of stroma with lipoxygenase ( Figure 4) . However, binding in the absence of Ca2+ could be due to inadequate chelation of mitochondrial-associated Ca2+ by EGTA. Also, the stromal fraction contains plasma membrane, which may bind lipoxygenase in a Ca2+-independent fashion. Indeed, we have found that erythrocyte ghosts bind lipoxygenase, although to a lesser extent than do mitochondria or stroma, and half of this association is Ca2+-independent. In addition, the reticulocyte cytosol employed in this experiment will include mitochondrial susceptibility factor.
It has been reported that energized mitochondria in vitro are resistant to the action of reticulocyte 15-lipoxygenase [20] . Our experiments were carried out in the absence of substrates for mitochondrial respiration. Attempts to produce mitochondria which were fully coupled and with no uncoupled mitochondria present were unsuccessful (results not shown). However, initial experiments indicate that the presence of substrates (ADP and succinate) does decrease the binding of reticulocyte 15-lipoxygenase to rat liver mitochondria, even in the presence of Ca2+ (results not shown). Inhibition of binding is not complete, which could be due to uncoupled mitochondria providing sufficient targets for the 1 5-lipoxygenase to obscure the effect of energizing mitochondria on lipoxygenase binding. This is an attractive hypothesis, as synthesis of a protein during reticulocyte maturation (mitochondrial susceptibility factor) which uncouples mitochondria could lead to an efflux of Ca2+ from mitochondria, leading to local high concentrations, which in turn would promote 15-lipoxygenase binding.
The low proportion of 15-lipoxygenase associated with the membrane fraction of reticulocytes (approx. 10-15 %) suggests that 15-lipoxygenase is synthesized in excess of the cell's requirement to inactivate mitochondria. Apparent over-production of 1 5-lipoxygenase in stress-induced (i.e. bleeding-induced anaemia) reticulocytes has been observed by others [3]. We have not examined the distribution of 15-lipoxygenase in reticulocytes normally resident in the circulation, where the level of 15-lipoxygenase may be lower and the proportion of bound enzyme higher. The Ca2+-promoted 15-lipoxygenase association with mitochondria and generation of lipid products strongly suggest that Ca2+ may play an important role in vivo in regulating reticulocyte 1 5-lipoxygenase attack on mitochondria during maturation, and therefore the subsequent proteolytic elimination of mitochondria.
